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Regulatory T Cells Inhibit T Cell Proliferation and Decrease 
Demyelination in Mice Chronically Infected with a 
Coronavirus 


Kathryn Trandem,* Daniela Anghelina,' Jingxian Zhao,'* and Stanley Perlman*’' 


Mice infected with the neurotropic JHM strain of mouse hepatitis virus (JHMV) develop acute and chronic demyelinating diseases 
with histopathological similarities to multiple sclerosis. The process of demyelination is largely immune-mediated, as immunode- 
ficient mice (RAG1~’~ mice) do not develop demyelination upon infection; however, demyelination develops if these mice are 
reconstituted with either JHMV-immune CD4 or CD8 T cells. Because myelin destruction is a consequence of the inflammatory 
response associated with virus clearance, we reasoned that decreasing the amount of inflammation would diminish clinical disease 
and demyelination. Given that regulatory T cells (Tregs) have potent anti-inflammatory effects, we adoptively transferred Tregs 
into infected C57BL/6 and RAG1~‘~ mice. In both instances, transfer of Tregs decreased weight loss, clinical scores, and de- 
myelination. Transferred Tregs were not detected in the CNS of infected RAG1~’~ mice, but rather appeared to mediate their 
effects in the draining cervical lymph nodes. We show that Tregs dampen the inflammatory response mediated by transferred 
JHMV-immune splenocytes in infected RAG1~‘~ mice by decreasing T cell proliferation, dendritic cell activation, and proin- 
flammatory cytokine/chemokine production, without inducing apoptosis. By extension, decreasing inflammation, whether by Treg 
transfer or by otherwise enhancing the anti-inflammatory milieu, could contribute to improved clinical outcomes in patients with 


virus-induced demyelination. The Journal of Immunology, 2010, 184: 4391-4400. 


iral infections in the CNS involve a delicate balance be- 

\ / tween host immune proinflammatory and anti-inflammatory 
factors. A rapid and robust immune response will help to 

clear the virus, whereas an appropriate anti-inflammatory response 
will minimize any immunopathology. Examples of anti-inflammatory 
mediators include IL-10, TGF-8, and natural and adaptive regulatory 
T cells (Tregs), characterized by the surface expression of CD4*°CD25* 
and intracellular expression of Foxp3 (1-3). Most studies of Tregs in the 
context of viral infections have focused on their role in chronic disease 
(4). In mice persistently infected with viruses, such as Friend virus, 
Tregs dampen immune responses, preventing immunopathology (5). 
However, virus persistence is a consequence of their action, and ab- 
rogation of Treg function enhances virus clearance. More recently, 
other studies showed a key role for these cells during the early stages of 
the inflammatory process. In mice infected with HSV-2, Tregs are 
critical for ingress of inflammatory cells into sites of infection. In their 
absence, inflammatory cells do not exit draining lymph nodes, leading 
to impaired Ag clearance and enhanced disease severity (6). Similar 
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results were obtained after Treg depletion in mice infected with re- 
spiratory syncytial virus (7). 

Tregs have been shown to function at sites of inflammation, directly 
inhibiting T cell function and, in draining lymph nodes, suppressing 
dendritic cell (DC) function. Tregs suppress effector T cell function 
via multiple mechanisms, including expression of suppressor cyto- 
kines, such as IL-35, TGF-B8, and IL-10, IL-2 consumption, direct T 
cell destruction, CD39/CD73-mediated generation of the inhibitory 
molecule, adenosine, and surface expression or secretion of sup- 
pressive molecules, such as galectin-1. Tregs inhibit DC function by 
a variety of mechanisms including CTLA-4/CD80/86 engagement, 
CD39-mediated ATP hydrolysis, induction of suppressive factors, 
such as IDO and LAG-3 expression, which inhibits DC maturation 
(reviewed in Refs. 8-10). The relative importance of each of these 
inhibitory molecules in mediating Treg function is likely pathogen- 
dependent and will depend in part on whether Tregs function at sites 
of inflammation or in draining lymph nodes (2). 

Mice infected with neurotropic strains of mouse hepatitis virus, 
develop acute and chronic neurologic infections (11-13). Suscep- 
tible strains of mice infected with the neurovirulent JHM strain of 
mouse hepatitis virus (JHMV) rapidly succumb to acute encepha- 
litis, whereas infection with an attenuated JHMV variant, J2.2-V-1, 
results in a chronic demyelinating encephalomyelitis. Viral Ag, but 
not infectious virus, can be detected in infected spinal cords for at 
least 70 d (11, 14). The disease is largely immunopathological, with 
demyelination occurring as a consequence of virus clearance. In 
support of this, demyelination does not occur in J2.2-V-1—infected 
immunodeficient mice: sublethally irradiated, SCID, or RAGI == 
(15-17). However, transfer of splenocytes from JHMV-immune 
mice to J2.2-V-1-infected RAG1~‘~ or SCID mice results in de- 
myelination occurring within 7 d (15, 17). Either CD4 or CD8 
T cells, in the absence of the other subset, are able to mediate de- 
myelination (18, 19), and in both instances, macrophages and mi- 
croglia are the final effector cells (20, 21). 
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Previously, we showed that adoptive transfer (AT) of natural Tregs 
to mice infected with a recombinant form of neurovirulent JHMV 
(rJ) decreased mortality from 100% to 50% (22). Additionally, 
depletion of Tregs prior to infection with an attenuated JHMV 
variant resulted in increased mortality and morbidity. These studies 
did not distinguish an effect of Tregs on priming versus the effector 
stage of the infection nor did they identify the downstream effects 
of Treg activity. Such analyses were hindered by the rapid disease 
course that occurs in rJ-infected mice. 

The prolonged disease course observed after J2-2-V-1 infection 
facilitates such studies and also makes possible investigations of Tregs 
in the context of virus-induced demyelination. A relative paucity of 
functional Tregs is implicated in autoimmune diseases, including 
experimental autoimmune encephalomyelitis and multiple sclerosis 
(MS) (23-27). Tregs are present at abnormally low levels in the blood 
of patients with MS, and AT of these cells into patients with MS has 
been suggested as a therapeutic option (28-30). However, it is not 
known in the context of virus-induced demyelination whether Tregs 
contribute to disease severity by prolonging virus persistence or are 
beneficial by minimizing the immunopathological disease that oc- 
curs during the process of virus clearance. In this study, using J2.2-V- 
1-infected C57BL/6 (B6) and RAGI =F mice, we showed that AT of 
Tregs decreased weight loss, clinical disease, and demyelination. In 
addition, using J2.2-V-1—infected RAGI mice, we present evi- 
dence that Tregs function by suppressing T cell proliferation and 
inflammatory cytokine/chemokine production, thereby reducing the 
antivirus T cell response. 


Materials and Methods 


Animals 


Six-week-old specific pathogen-free B6 mice (Thyl.2) were purchased 
from the National Cancer Institute (Bethesda, MD), and RAG1 ’~ mice 
were purchased from The Jackson Laboratory (Bar Harbor, ME). Foxp3- 
GFP mice were kindly provided by A. Rudensky (Sloan-Kettering In- 
stitute, New York, NY) and bred onto a Thy1.1 background. After viral 
inoculation, mice were examined and weighed daily. Clinical evaluation 
was based on the following scoring system: 0, asymptomatic; 1, limp tail; 
2, wobbly gait with righting difficulty; 3, hind-limb weakness and extreme 
righting difficulty; 4, hind-limb paralysis; and 5, moribund. All animal 
studies were approved by the University of Iowa Animal Care and Use 
Committee (Iowa City, IA). 


—_ 
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FIGURE 1. Transferred Tregs ame- 
liorated disease in J2.2-V-1-infected 
B6 mice with demyelinating encepha- 
lomyelitis. B6 mice were infected with 
1000 PFU J2.2-V-1 and received 4 X 
10° CD4*Foxp3* or 4 x 10° CD4* 
Foxp3 naive splenocytes at day 5 p.1. 
Mice were weighed daily (A) and 
monitored for survival (B) and clinical C 5 
disease (C). Scoring was as described in 

Materials and Methods. Data are from 4 
three independent experiments with at 
least 16 mice/group. Statistically sig- 
nificant differences in weight (A, days 
9-21; p < 0.05) and clinical disease (C, 
days 8-12; p < 0.05) were detected. 1 
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Nonrecombinant and rJ2.2-V-1 were propagated on mouse 17Cl-1 cells (a 
BALB/c-derived fibroblast cell line) and titered on HeLa cells expressing 
the mouse hepatitis virus receptor (CEACAM1) (23) as described pre- 
viously (31). Mice were inoculated intracerebrally with 500 (RAGI a 
mice) or 1000 PFU (B6 mice) of rJ2.2 or J2.2-V-1 in 30 wl DMEM. The 
same results were obtained when mice were inoculated with J2.2-V-1 or 
rJ2.2, and in the text, we refer to all infected mice as J2.2-V-1—infected. 


Abs and flow cytometric analyses 


All Abs were purchased from BD Pharmingen (San Diego, CA) unless in- 
dicated below. To detect total cells, cells harvested from brains, spleens, or 
lymph nodes were stained with anti-CD8-PE and anti-CD4-PerCP or CD19- 
PE alone. In some experiments, Tregs were identified by Foxp3 expression. 
Briefly, cells were harvested from brains, spleens, or lymph nodes and 
stained with anti-CD4-PerCP mAb. After permeabilization and fixation, 
cells were stained with anti-Foxp3-PE or isotype control Rat IgG2a-PE 
mAb, as per the manufacturer, eBioscience (San Diego, CA). 

For detection of intracellular cytokine expression, CD8 or CD4 T cells 
were stimulated for 5 h with | uM peptide S510 (spanning residues 
S510-518 of the surface glycoprotein) or 5 uM peptide M133 (spanning 
residues M133-—147 of the transmembrane protein) in the presence of 
1 pl/ml GolgiPlug (BD Pharmingen) and APCs (CHB3 cells, H-2D", I- 
A”). Intracellular IFN-y expression was detected following fixation and 
permeabilization (BD Pharmingen). For tetramer staining, M133-specific 
and §510-specific cells were detected using PE-conjugated I-A°/M133 
and H-2D°/S510 tetramers, respectively, obtained from the National 
Institutes of Health Tetramer Core Facility (Atlanta, GA). Cells were 
stained with 8 g/ml I-A°/M133 tetramers for 2 h at 37°C or 5 g/ml H- 
2D°/S510 tetramers for 1 h at 4°C. Cells were then incubated with anti— 
CD16/CD32-biotin and anti-CD4-PerCP or anti-CD8-PerCP mAb, fol- 
lowed by avidin-APC. Results are shown after gating on CD16/CD32 
negative cell populations. 

To assess DC activation, cervical lymph node (CLN) cells were stained 
for CD11c-APC and I-A/I-E-PerCp/Cy5.5 (BioLegend, San Diego, CA) 
and either CD80-PE, CD40-PE, or CD86-PE or their respective isotypes 
(hamster IgG-PE or rat IgG2a-PE) (eBioscience). Cells were analyzed using 
a FACSCalibur (BD Biosciences). 


Preparation of CNS leukocytes 


Mononuclear cells were isolated from brains and spinal cords as described 
previously (32). Briefly, tissues were mechanically homogenized using frosted 
glass slides. Cells were suspended in 30% Percoll (Pharmacia, Uppsala, 
Sweden) and centrifuged at 300 X g at 4°C for 30 min. Percoll and lipid layers 
were aspirated, and the cell pellet was resuspended, passed through a 70-~m 
cell strainer, and counted. 
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CD4* Foxp3* and CD4* Foxp3- cell separation and sorting 


CD4 T cells were purified using an autoMACS Separator and a CD4 T Cell 
Isolation Kit (Miltenyi Biotec, Auburn, CA) according to the manufacturer’ s 
protocol. Briefly, CD4 T cells were negatively selected from naive Foxp3- 
GFP splenocytes by depletion with a mixture of lineage-specific biotin- 
conjugated Abs against CD8 (Ly-2), CD11b (Mac-1), CD45R (B220), 
CD49b (DXS5), Ter-119, and antibiotin microbeads. GFP* and GFP CD4 
T cells were sorted by a FACSDiva (BD Biosciences). Post sort analysis 
showed that CD4*Foxp3* cells were >99% pure, and CD4*Foxp3 cells 
were >97% pure. 


AT into B6 and RAGI ’— mice 


For B6 mice, 4 X 10° CD4'Foxp3"* T cells were adoptively transferred into 
6-wk-old B6 mice 5 d postinfection (p.1.) with J2.2-V-1. Control J2.2-V-1- 
infected mice received the same numbers of CD4*Foxp3 T cells. For 
transfer into RAG1~‘~ mice, JHMV-immune splenocytes were prepared 
from B6 mice immunized with 3 X 10° PFU wild-type JHMV i.p. 7 d prior 
to AT. In addition, these cells were depleted of Tregs by treatment with 
0.5 mg rat mAb PC61 (American Type Culture Collection, Manassas, VA) 
administered in vivo 3 d prior to harvest. CD4*Foxp3" T cells were purified 
from Foxp3-GFP mice as described above. RAGI ‘~ mice were infected 
with 500 PFU J2.2-V-1 by intracranial inoculation. Four days later, one 
group of infected mice received 1 X 10° JHMV-immune B6 splenocytes and 
4x10 CD4*Foxp3* T cells, whereas controls received the same numbers 
of JHMV-immune splenocytes and CD4*Foxp3 T cells. Cells were 
transferred to mice in 200 pl PBS 1.v. 


In vivo proliferation BrdU assays 


All mice were given one i.p. injection of 2 mg BrdU solution (BD Phar- 
mingen). BrdU incorporation was examined 16 h postinjection by intracel- 
lular detection using reagents and protocols provided by the manufacturer 
(APC BrdU Flow Kit, BD Pharmingen). Cells harvested from an infection- 
matched, BrdU-nontreated mouse served as a control for the FACS analyses. 


Assessment of apoptosis by measurement of active caspase-3 
and -7 


To assay caspase-3 and -7 expression, cells were stained with sulforhod- 
amine fluorochrome inhibitors of caspases (Immunochemistry Technolo- 
gies, Bloomington, MN) for | h at 37°C, followed by staining for CD4, 
CD8, and 7-aminoactinomycin D. Cells were analyzed using an LSR I 
with a 405-nm (violet) laser (BD Biosciences). 


Quantitative RT-PCR 


Brain and CLNs were homogenized directly into TRIzol Reagent (Invi- 
trogen/Life Technologies, Carlsbad, CA). RNA was extracted and reverse- 
transcribed using Superscript II Unvitrogen) according to the manufacturer’ s 


FIGURE 2. Transferred Tregs reduced 
demyelination without affecting virus clear- 
ance in J2.2-V-1-infected B6 mice. Luxol 
fast blue staining of spinal cords at day 21 p.i. 
from B6 mouse receiving CD4*Foxp3* (A) or 
CD4"Foxp3 (B) splenocytes at day 5 pi. 
Less demyelination was detected in the spinal 
cords of mice that received CD4*Foxp3* 
cells. Demyelinated areas are outlined in 
yellow. C, Percent demyelination from in- 
dividual mice at day 21 p.i. Numbers are 
percent demyelination = SEM. A statistically D 
significant difference in demyelination was 

observed. D, Viral titers from J2.2-V-1-— 

infected B6 mice at days 9 and 14 p.i. The 

dashed line represents the limit of detection. 

Data are from two independent experiments 

with =6 mice/group. *p < 0.05. 
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instructions. Relative cytokine transcript quantities were determined by 
quantitative RT-PCR (qRT-PCR) using SYBR Green (Applied Biosystems, 
Foster City, CA) and primers specific for IL-2, IL-10, IL-27 EBV-induced 
gene 3, IL-6, CCL2, TNF, and IL-12 p40 subunit. Amplification was per- 
formed using the 7300 Sequence Detector (Applied Biosystems). Specificity 
of the amplification was confirmed using melting curve analysis. Data were 
analyzed as previously described (33) with normalization to hypoxanthine- 
guanine phosphoribosyltransferase. 


ELISA for cytokines and chemokines 


Brain and CLNs were weighed and homogenized directly into 50 mM Tris, 
150 mM NaCl, 5 mM EDTA, | mM Na3VOu,, 1% Nonidet P-40, and 
a protease inhibitor mixture (Complete, Roche, Mannheim, Germany). 
Samples were diluted to a concentration of 10 mg/ml. IL-2, IL-12, TNE, and 
CCL2 concentrations were determined by ELISA using reagents and pro- 
tocols provided by the manufacturer (eBioscience). 


Immunohistochemistry and quantification of demyelination 


Postperfusion of mice with PBS, spinal cords were fixed with 10% zinc- 
formalin and embedded in paraffin. For examination of myelin and cell 
morphology, 8-j1m sections were stained with Luxol fast blue and coun- 
terstained with H&E. For macrophage/microglia staining, 8-~m sections 
were blocked with CAS Block (Zymed Laboratories, San Francisco, CA) 
and stained with F4/80 Ab (eBioscience) as previously described (34). 
Macrophage infiltration into the white and gray matter was assessed by 
counting F4/80* cells in 10 randomly selected fields under X40 magnifi- 
cation. No staining was detected in the absence of primary Ab. Images of 
stained spinal cord sections were digitalized using an Optiphot charge- 
coupled camera attached to a Leitz diaplan light microscope (Leica Mi- 
crosystems, Wetzlar, Germany). Blinded quantification of demyelination 
was performed as previously described (35). 


Statistical analysis 


Two-tailed unpaired Student t tests were used to analyze differences in 
mean values between groups. All results are expressed as means + SEM. 
Differences with values of p < 0.05 were considered significant. 


Results 

Transferred Tregs diminished weight loss, clinical disease, and 
demyelination without delaying virus clearance in J2.2-V-1— 
infected B6 mice 


In a previous report, we showed that AT of CD25* Tregs into 
neurovirulent JHMV-infected B6 mice prolonged survival without 
affecting the kinetics of virus clearance (22). Because cells were 
transferred 1 d p.i., it was not possible in these experiments to 
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FIGURE 3. Transferred Tregs reduced inflammatory infiltration into the J2.2-V-1—infected CNS. Total CD4 and CD8 T cell numbers and percentage of 
T cells isolated from the brain at day 9 p.i. (A, B) and 21 p.i. (C, D). Data are from three independent experiments. E, FACS data from CNS-derived 
lymphocytes directly stimulated with peptide ex vivo or stained for tetramer at day 14 p.i. Cells are gated on CD8* or CD4* T cells. Frequency and number 
of epitope-specific T cells are shown. Four mice were analyzed per group. Data are from one experiment representative of two. *p < 0.05; **p < 0.01. 


determine whether Tregs functioned during the priming or effector 
stage of the T cell response. To begin to answer this question, we 
transferred naive splenic CD4*Foxp3" Tregs or, as a control, CD4* 


FIGURE 4. RAGI’” mice receiving 
transferred Tregs showed improved clinical 
outcomes with delayed virus clearance and 
decreased demyelination. RAGI ’~ mice 
were infected with 500 PFU J2.2-V-1 and 
received 1 X 10° JHMV-immune B6 sple- 
nocytes and 4 x 10° CD4*Foxp3* or 4 X 
10° CD4"Foxp3 naive splenocytes or no 
cells at day 4 p.i. Weight (A) and clinical 
scores (B) were monitored. Differences in 
weight and clinical scores between mice that 
received CD4*Foxp3" and CD4*Foxp3~ 
reached statistical significance at days 6-14 
(p < 0.05) and days 8-14 (p < 0.05), re- 
spectively. C, Virus titers from J2.2-V-1 in- 
fected RAGI~’ mice at days 10 and 14 
p.i. D, Luxol fast blue-stained spinal cords 
were examined for demyelination at day 14 
p.i. A statistically significant difference in 
demyelination was observed. Each symbol 
represents an individual mouse. Data are 
from three (A, B) or two (C, D) independent 
experiments with at least six mice/group. 
*p < 0.05; **p < 0.01; ***p < 0.001. 
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CD8 T cells CD19 B cells 


FIGURE 5. Transferred effector T cells but not 
Tregs reconstituted the brains of infected RAG] /~ 
mice. A, RAG1 ’ mice were infected with 500 PFU 
J2.2-V-1 and received 4 X 10° CD4*Foxp3* T cells 
and 1 X 10° JHMV-immune B6 splenocytes at day 4 


} 1000+ 1000 1" 


p.1. Mice were sacrificed at day 14 p.i. and analyzed for 
CD4 and CD8 T and B cells in the brain. Gated cells 
are labeled above plots with percentages shown from 


gates. B, Flow cytometry of Tregs isolated from 
RAG1~‘~ mice as described in A. Cells are gated on 
CD4* T cells isolated from indicated site. Numbers are 
percentage of cells in right upper quadrant. Data are 
from one experiment representative of three in- 
dependent experiments. 


Foxp3 


Demyelination in J2.2-V-1—infected mice is largely T cell-driven, 
so we transferred cells at day 5 p.i. to allow sufficient time for T cell 
priming to occur in the absence of any interventions. We monitored 
weight loss and clinical disease daily for 3 wk. As shown in Fig. 1A, 
the AT of Tregs to B6 mice significantly decreased weight loss in 
mice infected with J2.2-V-1 (days 9-21; p < 0.05) but did not 
change survival (Fig. 1B). Consistent with the differences in 
weights, there was a significant reduction in clinical scores at the 
peak of clinical disease (days 8—12; p < 0.05), starting just 3 d post 
Treg transfer (Fig. 1C). 

We next examined infected spinal cords for myelin destruction 
at day 21 p.i., the peak of demyelination in J2.2-V-1—infected B6 
mice (36). The level of demyelination in mice receiving Tregs, as 
assessed by Luxol fast blue staining, was significantly decreased 
when compared with those that received CD4 T cells depleted of 
Tregs (Fig. 2A—C). To confirm the presence of demyelination, ad- 
jacent spinal cord sections were stained for macrophages and mi- 
croglia with F4/80 Ab, because increased infiltration of these cells 
is detected at sites of active demyelination (20, 37). As expected, 
large numbers of macrophages/microglia could be seen at sites of 
demyelination with a diminished number detected in mice re- 
ceiving Tregs compared with those that received CD4*Foxp3~ 
T cells (99 + 16/40 field compared with 181 + 15/40 field; p < 
0.001; 10 fields/mouse; n = 3 mice for each group). We also ex- 
amined viral titers to determine if the decrease in immunopathol- 
ogy was associated with diminished ability to control virus 
replication. There were no differences in virus titers at day 9 or day 
14 p.i., with ~50% of mice in each group clearing the virus by day 
14, showing that the transferred Tregs did not significantly alter the 
kinetics of virus clearance (Fig. 2D). 


Treg transfer decreased total numbers of T lymphocytes but not 
the percentage of virus-specific cells in the CNS of J2.2-V-1- 
infected B6 mice 


The decrease in weight loss, clinical scores, and demyelination in 
B6 mice receiving CD4*Foxp3* T cells compared with those re- 
ceiving CD4"Foxp3 T cells raised the possibility that Tregs di- 
minished the inflammatory response. We next analyzed the T cell 
response in the brain at a time point when T cell expansion was at 
its peak (day 9) and at a later time p.i1. when demyelination was 


10° 


maximal (day 21). There were decreased numbers of CD4 and CD8 
T cells at day 9 p.i. in mice that received Tregs, although only the 
difference in CD4 T cell numbers achieved statistical significance 
(Fig. 3A). These differences in cell numbers reflected differences in 
total numbers of infiltrating inflammatory cells, because the fre- 
quency of each population was not different between mice that 
received CD4"Foxp3* and CD4"Foxp3 cells (Fig. 3B). Therefore, 
the addition of Tregs affected migration of all cell types to the 
brain. The AT of Tregs resulted in an increase in the percentage 
of CD4 T cells that were Foxp3*. Tregs were identified by in- 
tracellular Foxp3 expression, so that both transferred and endog- 
enous Tregs were counted. 

By day 21 p.i., there were no significant differences in CD4, 
CD8, or Treg cell numbers or frequency in mice receiving Tregs 
compared with those that received Foxp3 T cells (Fig. 3C, 3D). 
We also examined the Ag specificity of the T cells directly ex vivo 
by tetramer staining and detected no differences in the fractions of 
CD4 and CD8 T cells that were specific for the immunodominant 
CD4 (M133) and CD8 (S510) epitopes at days 14 (Fig. 3F) or 21 
p.1. (data not shown). We examined functionality of these cells 
using an intracellular cytokine staining for IFN-y poststimulation 
with peptides corresponding to these two epitopes and detected 
a lower number but not frequency of epitope M133-specific CD4 
T cells at day 14 (Fig. 3£). In summary, transferred Tregs ame- 
liorated clinical disease and demyelination in J2-2-V-1—infected 
B6 mice, and this correlated with diminished infiltration of in- 
flammatory cells into the CNS. 


Treg transfer into infected RAGI~’— mice decreased weight 
loss, clinical scores, and kinetics of virus clearance 


Because Tregs were effective when administered 5 d p.i., they likely 
functioned after initial effector T cell priming occurred, affecting 
either effector T cell function at the site of inflammation or in the 
lymph node during secondary stages of stimulation. To address these 
possibilities, we used J2.2-V-1—infected RAG] ~/~ mice with AT of 
JHMV-immune effector T cells, because this infectious system is 
amenable to manipulation of the transferred cells. We transferred 
1 X 10° JHMV-immune Treg-depleted effector splenocytes along 
with 4 X 10° Tregs (CD4*Foxp3*) or 4 X 10° CD4*Foxp3~ T cells 
harvested from a naive Foxp3-GFP spleen to RAGI ‘~ mice at day 
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FIGURE 6. Treg transfer diminished the numbers of CD4 and CD8 T cells in the CLN and brains of J2.2-V-1-infected RAGI ‘~ mice. RAG1 ’~ mice 
were infected with 500 PFU J2.2-V-1 and received 1 < 10° JHMV-immune B6 splenocytes and 4 X 10° CD4*Foxp3* (filled bars) or 4 X 10° CD4*Foxp37 
(open bars) cells at day 4 p.i. Mice were sacrificed at day 10 p.i. (A, B, E, G) or day 14 p.i. (C, D, F, H). Numbers and percentages of T cells in the brain (A— 
D), CLN (E, F), and spleen (G, H) are shown. Numbers of Tregs were below the level of detection in the brain at day 10 p.i. Data are from three in- 
dependent experiments with at least nine mice/group. *p < 0.05; **p < 0.01; ***p < 0.001. 


4p.1. A high ratio of Tregs to splenocytes was chosen to amplify any 
effects mediated by Tregs. A control group of RAG1~’~ mice re- 
ceived no adoptively transferred cells. First, we tracked weight loss 
and determined clinical scores in all mice groups until day 14 p.1., 
when the majority of mice that did not receive Tregs died. Although 
all groups exhibited severe weight loss, recipients of Tregs and 
JHMV-immune splenocytes maintained their weight for a signifi- 
cantly longer time (Fig. 4A, days 6-14; p < 0.05) and had a 2-d 
delay in deterioration in clinical scores (Fig. 4B) compared with 
mice that received non-Treg CD4 T cells and JHMV-immune 
splenocytes. AT of JHMV-immune splenocytes with or without 
Tregs diminished virus titers in J2.2-V-1-infected RAG1 ‘~ mice, 
but the process of clearance resulted in myelin destruction and 
clinical disease (17). Consistent with the delayed onset of weight 


loss and clinical disease in mice that received Tregs, we detected 
higher virus titers at days 10 and 14 p.i in these mice, although 
statistically significant differences were only observed at day 14 p.1. 
(Fig. 4C). Of note, both groups of recipients exhibited significant 
virus clearance when compared with RAGI ’~ mice that did not 
receive transferred cells. Differences in virus clearance were 
probably detected in infected RAG1 ‘~ but not B6 mice (Fig. 20), 
because virus was cleared rapidly in immunocompetent mice, ob- 
scuring any role that Tregs had in delaying this process. 

The delay in weight loss and clinical scores and increased virus 
titers observed in the presence of Tregs suggested that demyelination 
would also be decreased. To examine this possibility, we quantified 
the amount of myelin destruction at day 14 p.i. Of note, no de- 
myelination is observed in J2.2-V-1-infected RAG1~‘~ mice in the 
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FIGURE 7. Transferred Tregs did not change percentage of virus-specific T cells in the CNS of J2.2-V-1-infected RAG1~’~ mice. RAGI “~ mice were 
infected with 500 PFU J2.2-V-1 and received 1 X 10° JHMV-immune B6 splenocytes and 4 X 10° CD4*Foxp3* or 4 X 10° CD4*Foxp3° cells at day 4 p.i. 
Mice were sacrificed at day 10 p.i., and flow cytometric analyses were performed on CNS-derived lymphocytes stimulated with virus-specific peptide 
directly ex vivo or stained with tetramer. Cells are gated on CD8* or CD4* T cells. Numbers are percentage of cells in right upper quadrant. Data are from 
one experiment representative of two independent experiments with six mice/group. 


absence of adoptively transferred cells (17). Less demyelination 
was detected in infected RAGI ‘~ mice that received Tregs when 
compared with those that did not (16 + 2% versus 31 + 3%; p= 
0.001) (Fig. 4D). Therefore, Tregs diminished clinical disease and 
demyelination even if added after priming of antivirus T cells had 
occurred. 


Transferred Tregs were detected in the draining CLNs but not 
in the brain 


To begin to determine the site of action of the cotransferred Tregs, 
we examined their numbers in the brain, CLN, and spleen. Trans- 
ferred CD4 and CD8 T cells were detected in the brain (Fig. 5A), 
spleen, and CLN (data not shown), whereas few transferred B cells 
were detected. We next examined these sites for transferred Tregs, 
assaying for both GFP and intracellular Foxp3 expression. At days 
10 and 14 p.i., Foxp3-GFP cells could be found in RAGI ’~ mice 
that received Tregs (Figs. 5B, 6). There was complete concordance 
between Foxp3 and GFP expression. As expected, few Foxp3" cells 
could be found in infected RAGI ‘~ mice that received virus- 
immune splenocytes but not Tregs, suggesting that little or no 
peripheral conversion occurred up to 9 d posttransfer and that Treg 
depletion of JHMV-immune splenocytes pretransfer was efficient. 
Surprisingly, very few Tregs could be found in the CNS at all time 
points examined. No Tregs were detected in the brain or spinal cord 
at day 10 p.i., and only 2% of the CD4 T cells were Foxp3" at day 14 
p.i. (Fig. 6D). The highest frequency of Tregs were found in the 
CLN, where they constituted 15% and 20% of CD4 T cells at days 10 
and 14 p.i., respectively, in mice that received Tregs (Fig. 6EF, 6F). 


CD4 and CDS& T cell number and frequencies were decreased 
in RAGI-’~ mice receiving Tregs, reflecting effects on T cell 
proliferation 


We next examined whether cotransferred Tregs diminished in- 
filtration of inflammatory cells into the CNS, as occurred in infected 
B6 mice. As seen in Fig. 6A—D, there was a 10- to 20-fold decrease 
in numbers and frequencies of CD4 and CD8 T cells in the brain at 
days 10 and 14 p.i., with the greatest effects observed on numbers 
of CD4 T cells. Decreases in CD4 T cell frequencies were also 
detected in the CLN and spleen, but these reached statistical sig- 
nificance only in the spleen at day 10 p.i. (Fig. 6G). As observed in 
J2.2-V-1-infected B6 mice (Fig. 3£), the fraction of CD4 and CD8 
T cells that were J2.2-V-1 specific were the same in both groups as 
detected by tetramer staining (Fig. 7). Similar fractions expressed 
IFN-y in response to peptides M133 and S510 as measured by 
intracellular cytokine staining, suggesting that although numbers 
of both virus-specific and nonspecific CD4 and CD8 T cells in the 


brain were diminished by Treg transfer, the cells that did migrate to 
the CNS were functional (Fig. 7). 

Tregs have been shown to have both antiproliferative and proa- 
poptotic effects (8, 38). Our observations led us to question whether 
the presence of Tregs inhibited effector T cell proliferation or in- 
creased their turnover. To address effects on proliferation, we 
measured BrdU incorporation in vivo after a 16-h treatment at day 
10 p.i. Both CD4 and CD8 T cells proliferated at higher rates in the 
brains of RAG1 ‘~ mice that received CD4*Foxp3” T cells when 
compared with those that received Tregs (Fig. 8A). Additionally, 
CD4 T cells in the CLN proliferated at higher rates in mice that did 
not receive Tregs (Fig. 8B). Further, the amount of proliferation 
was ~10-fold higher in the CLN than in the brain, suggesting that 
Tregs suppressed proliferation of effector CD4 and CD8 T cells in 
the CLN, with subsequent effects on T cell numbers in the brain. 

We observed no significant differences in the levels of apoptosis of 
CD4 or CD8 T cells in the two groups of mice. In these experiments, 
activation of caspases-3 and -7 was analyzed at day 10 p.i.in the brain 
and CLN (Fig. 8C, 8D, respectively). Therefore, we conclude that 
the differences in total T cell numbers are due to suppression of 
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FIGURE 8. Transferred Tregs suppressed T cell proliferation but did not 
enhance level of apoptosis. RAG1~‘~ mice were infected with 500 PFU 
J2.2-V-1 and received 1 X 10° JHMV-immune B6 splenocytes and 4 X 10° 
CD4*Foxp3* (filled bars) or 4 X 10° CD4*Foxp3” (open bars) cells at day 
4 p.i. A and B, BrdU was administered to mice 1.p. as described in Ma- 
terials and Methods at 10 d p.i. The percentage of brain (A) and CLN- 
derived (B) cells that incorporated BrdU incorporation after 16 h in vivo 
labeling is shown. Mice were sacrificed at day 10 p.i. and analyzed for 
percentage of brain (C) or CLN-derived (D) cells that expressed active 
caspase-3 and -7. Data are from two independent experiments with =6 
mice/group. *p < 0.05; **p < 0.01. 
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proliferation and not increased T cell apoptosis in RAGI ~/~ mice 
receiving Tregs, although we cannot rule out that differential re- 
cruitment to the CLN and brain may have also contributed to the 
differences in total T cell numbers. 


Transferred Tregs reduced DC activation and decreased 
expression of proinflammatory cytokines and chemokines in the 
brains and CLN of recipients 


The diminished T cell proliferation detected in the CLN and 
brain likely reflected the anti-inflammatory milieu mediated by the 
transferred Tregs. As another approach to determining whether the 
transferred Tregs generally inhibited the inflammatory response, we 
assessed DC activation by measuring surface levels of MHC class II 
Ag, CD86, CD80, and CD40. Levels of CD40, CD80, and MHC 
class II were lower in recipients of transferred Tregs (Fig. 9A, 9B). 
Additionally, we measured the levels of several pro- and anti- 
inflammatory chemokines and cytokines in the brain and CLN 
using qRT-PCR and ELISA. mRNA and protein levels of IL-2, 
TNE, and CCL2 were significantly diminished in the CLN, whereas 
those of the anti-inflammatory molecules IL-10 and IL-27 did not 
change in Treg recipients compared with those receiving CD4* 
Foxp3 T cells (Fig. 9C, 9D). Levels of most cytokine and che- 
mokine mRNAs (IL-2, IL-6, IL-12, TNF, CCL2, and IL-27) were 
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diminished in the brains of recipients of Tregs, although only IL-12 
(RNA), IL-2 (protein), and CCL2 (RNA and protein) reached sta- 
tistical significance. Therefore, the presence of Tregs decreased 
proinflammatory chemokine and cytokine levels in both the CLN 
and CNS, thus augmenting an anti-inflammatory milieu. In par- 
ticular, differences in CCL2 in the brain may contribute to differ- 
ences in numbers of infiltrating T cells and macrophages in infected 
mice, as reported previously (39, 40). 


Discussion 

In this study, we show that AT of Tregs into coronavirus-infected 
mice decreased clinical disease and myelin destruction. Transfer 
into wild-type B6 mice demonstrated that this effect occurred in 
immunocompetent mice but did not allow easy identification of the 
site of action. However, transfer of Tregs concomitant with virus- 
specific T cells to J2.2-V-1—infected RAG1 ‘~ mice suggested that 
Tregs functioned in the draining lymph nodes, inhibiting T cell 
proliferation, DC activation, and expression of proinflammatory 
cytokines and chemokines. We also detected diminished T cell 
proliferation and expression of proinflammatory mediators in the 
brain, but because we detected virtually no transferred Tregs in the 
brain, we conclude that their primary site of action is in the CLN. 
In our previous study, we transferred Tregs into mice with acute 
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FIGURE 9. Transferred Tregs suppressed DC activation and production of proinflammatory cytokines and chemokines in brains and CLN of J2.2-V-1- 
infected RAGI ‘~ mice. RAGI ’~ mice were infected with 500 PFU J2.2-V-1 and received 1 X 10° JHMV-immune B6 splenocytes and 4 X 10° CD4* 
Foxp3" (filled bars) or 4 X 10° CD4*Foxp3 (open bars) cells at day 4 p.i. Mice were sacrificed at day 10 p.i. A and B, CLN cells were examined for CD40, 
CD80, CD86, and MHC class II expression. DC gating strategy is shown in leftmost panel. Middle and right panels show representative histograms of CD86 
and CD40 staining (filled histogram is isotype control; light line indicates recipients of CD4*Foxp3" cells; bold line indicates recipients of CD4*Foxp3~ 
cells). C and D, Levels of the indicated cytokines and chemokines in the brain and CLN were measured by qRT-PCR or ELISA as described in Materials 


and Methods. Data are from 5—15 mice/group. *p < 0.05; **p < 0.01. 


SIOZ ‘OT Youre] UO vIOYeG YINOS Jo AjsIaAtUy ye /s1o°‘TounwUIl! MM M//:dyYy WoOI, paprojuUMog 


The Journal of Immunology 


encephalitis induced by highly virulent JHMV (22). These cells 
enhanced survival, but as in J2.2-V-1-infected mice, few of the 
transferred cells were detected in the brain. 

Support for a role in draining lymph nodes and not in the brain 
comes from a study of mice with experimental autoimmune en- 
cephalomyelitis. In these mice, large numbers of CNS Ag-specific 
Tregs were present in the inflamed brain, but their function was 
impaired by the elevated expression of proinflammatory molecules, 
such as IL-6 and TNF (28). IL-6 in particular has been shown to 
counter Treg immunosuppression (41). Consistent with these re- 
sults, a large proportion of CD4 T cells in the CNS of mice with 
JHMV-mediated acute encephalitis are Foxp3" at early times p.i., 
but they appear to be largely ineffective in the inflamed environ- 
ment that develops in the CNS (22). The implications of these 
studies are that even if Tregs were present in J2.2-V-1-—infected 
brain, they would not function properly. Another cytokine, IL-12, 
facilitates proliferation and activation of effector T cells in the 
presence of Tregs, but like IL-6, levels were very low in the CLNs 
of infected mice. The low IL-6 and IL-12 levels present in the 
infected CLN (Fig. 9) might not be able to counter Treg-mediated 
immunosuppression. 

Our conclusions are also consistent with previous studies demon- 
strating a key role for transferred Tregs in downregulating the in- 
flammatory response in draining lymph nodes, even inthe context of an 
ongoing inflammatory process. In HIV-infected humans and SIV- 
infected macaques, Tregs in lymph nodes inhibited CD8 T cell pro- 
liferation and activation (42, 43). The consequences of diminishing 
T cell activation appeared to be 2-fold: virus clearance was inhibited, 
but immune hyperactivation, which is a key factor in HIV and SIV 
disease, was diminished. Similarly, in animals chronically infected 
with Leishmania, Tregs functioned in the draining lymph nodes to 
diminish the immunopathologic consequences of the parasite-specific 
immune response, but also delayed pathogen clearance (44). 

In NOD mice with the recent onset of diabetes, transferred Tregs 
reversed disease progression and increased the numbers of Tregs in 
the draining lymph nodes (45). Most of these Tregs were host- 
derived, suggesting that the transferred cells established an 
anti-inflammatory milieu that enhanced the accumulation or pro- 
liferation of endogenous Tregs. Our results show that host-derived 
Tregs are not essential for an anti-inflammatory state because it 
occurs in RAG1 ‘~ recipients, which lack endogenous Tregs. Tregs 
functioned in the draining lymph nodes to suppress effector T cell 
proliferation, a well-described property of Tregs (8). In contrast to 
some previous studies, Tregs did not induce apoptosis of effector 
T cells (38, 46). Our results are similar to a recent report showing 
that human Tregs were able to suppress T effector proliferation and 
cytokine production but did not cause apoptosis (47). 

Our data suggest that effector T cells, even if previously primed, 
are still subject to regulation and suppression by Tregs in the context 
of an active viral infection. Of the 1 x 10° splenocytes transferred to 
infected RAG1 ‘~ recipients, ~1% to 2% of the CD4 T cells are 
epitope M133-specific, and 2—-10% of the CD8 T cells are S510- 
specific. Thus, the virus-specific cells must undergo extensive cell 
division to obtain the levels detected in the infected recipients. 
Although T cells transferred into naive RAGI ’~ mice are known 
to undergo homeostatic proliferation, virus-specific CD4 and CD8 
T cell populations preferentially expand in the infected animal. 
Consistent with this, when we performed an AT of JHMV-immune 
splenocytes into an uninfected RAGI ’~ mouse, virus-specific 
T cells did not preferentially expand and remained at low levels 
(data not shown). Thus, although Treg suppression of T cell ho- 
meostatic proliferation in the lymphopenic environment present in 
RAGI /~ recipients is well documented (38, 48), it is unlikely that 
they function in infected mice in this capacity. 
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Transferred Tregs preferentially diminished CD4 as opposed to 
CD8 T cell infiltration into the J2.2-V-1—infected B6 and RAGI /~ 
CNS. This preferential inhibition likely contributed to improved 
outcome because we previously showed that the virus-specific CD4 
T cell response was partly pathogenic. Thus, infection of mice with 
a variant of neurovirulent JHMV in which the immunodominant 
M133 CD4 T cell epitope was genetically disrupted decreased 
mortality from 100% to 0%. Lethality reverted to 50% when a CD4 
T cell epitope from Listeria monocytogenes was inserted into the 
genome (49), confirming the role of the CD4 T cell response in 
disease severity. Further, transfer of CD8 T cell-depleted JHMV- 
immune splenocytes to J2.2-V-1-infected RAG1 ’~ mice resulted 
in more severe disease than did transfer of undepleted or CD4 
T cell-depleted populations (17). 

How do Tregs function in J2.2-V-1—infected mice? IL-10 expressed 
by Tregs is probably not critical for diminishing inflammation be- 
cause IL-10-’~ Tregs function equally as well as IL-10** Tregs in 
mediating enhanced survival in mice infected with neurovirulent 
JHMYV (22). Our results are most consistent with a Treg inhibitory 
effect on DC function in the CLN. Treg expression of CTLA-4, TGF- 
8, LAG3, and CD39/CD73 have been implicated in Treg-mediated 
suppression of DC function (8—10), but determining the precise mode 
of action of Tregs in the CLN of J2.2-V-1—infected mice will require 
further investigation. Our results also suggest that modulating the 
balance of pro- and anti-inflammatory factors, whether by Treg 
transfer or otherwise enhancing the anti-inflammatory milieu, could 
potentially contribute to improved outcomes in the setting of virus- 
induced demyelination. 
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